Two experiments were conducted to determine the effect of increasing dietary CaO on ruminal fermentation, diet digestibility, performance, and carcass characteristics of feedlot steers fed 60% dried distillers grains with solubles (DDGS). In Exp. 1, 120 steers were allotted by weight (355 ± 7.9 kg) to 1 of 4 treatments containing 60% DDGS, 20% corn silage, 13.5 to 14.4% ground corn, 4% supplement, and 0 to 2.5% limestone on DM basis to determine the effects of CaO on performance and carcass characteristics. Treatments consisted of 0, 0.8, 1.6, or 2.4% CaO inclusion in the diet (DM basis), with CaO replacing limestone. Steers were slaughtered at a target BW of approximately 641 kg. In Exp. 2, 4 steers (initial BW = 288 ± 3 kg) were randomly allotted to the same diets in a 4 × 4 Latin square design (14-d periods) to determine the effects of CaO on ruminal pH, VFA, and nutrient digestibility. Statistical analyses were conducted using the MIXED procedure of SAS. Inclusion of CaO at 0.8, 1.6, and 2.4% increased ADG by 5.0, 3.9, and 0%, respectively, compared to 0% CaO (quadratic; P = 0.03). Intake was linearly decreased (P = 0.04) and G:F was linearly increased (P = 0.02) by CaO inclusion. Dressing percentage increased as CaO increased from 0 to 1.6% and then decreased for 2.4% CaO (quadratic; P < 0.01). In Exp. 2, steers fed 0% CaO had the greatest prefeeding ruminal pH, steers fed 0 and 0.8% CaO exhibited the most rapid postfeeding decline in ruminal pH, and steers fed 2.4% CaO exhibited a relatively stable ruminal pH throughout the 24-h period (treatment × time; P ≤ 0.01). Acetate, butyrate, and total VFA concentrations increased linearly (P ≤ 0.05) at 0, 3, 6, and 12 h postfeeding with increasing CaO. Propionate at 3 h postfeeding increased from 0 to 1.6% CaO and decreased from 1.6 to 2.4% CaO (quadratic; P = 0.10). Urine pH increased linearly (P ≤ 0.01) while urine output and urine ammonia decreased linearly (P ≤ 0.05) as CaO inclusion increased. Apparent NDF digestibility tended to increase (P = 0.07) and ADF digestibility did (P = 0.01) increase linearly with increasing concentrations of CaO. In conclusion, CaO improved ruminal pH variation, increased fiber digestibility, and decreased metabolic acid load in cattle fed 60% DDGSbased diets. Inclusion of CaO up to 1.6% was effective in improving performance of feedlot cattle.
INTRODUCTION
Distillers grains with solubles (DGS) is an excellent source of energy and protein used as an alternative to corn in beef cattle diets. However, to maintain optimal growth, feed efficiency, carcass quality, and nutrient excretion, DGS is typically limited to inclusion rates of less than 30% of the diet DM (Vasconcelos and Galyean, 2007) . Recent research (Felix and Loerch, 2011) demonstrated that the acidic nature of DGS, from sulfuric acid, may play a primary role in reducing intake and growth rates when inclusion exceeds 30% of the DM. An acidic rumen enhances hydrogen sulfide gas production and inhibits the survivability, growth, and fiber fermenting capability of ruminal cellulolytic bacteria (Hoover, 1986) .
Because DGS is high in fiber, the added sulfuric acid may inhibit its own fiber digestibility as well as fiber digestibility of any added roughage. Therefore, if the acidity in DGS can be neutralized, it might become feasible to increase its inclusion in beef cattle diets.
Alkalizing agents, such as CaO, have the ability to neutralize ruminal pH and enhance protein and fiber digestibility of low quality roughages, thus increasing their energy value (Klopfenstein, 1978) . The use of alkalizing agents as feed additives has not been widely accepted by the industry, but further investigation of alkalizing agents in feedlot diets to increase ruminal pH is warranted because the use of DGS and other high fiber feeds is anticipated to increase. We hypothesized that increasing dietary CaO inclusion would decrease feed acidity and consequently increase ruminal pH, thus improving nutrient digestibility, ruminal fermentation, and performance of beef cattle fed diets containing 60% dried DGS (DM basis). Our objective was to determine the effects of increasing concentrations of dietary CaO on ruminal pH and VFA production, apparent digestibility, nitrogen balance, performance, and carcass characteristics of feedlot steers fed 60% dried DGS-based diets.
MATERIALS AND METHODS
Research protocols using animals followed guidelines in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 2010) and were approved by the Purdue Animal Care and Use Committee.
Experiment 1
Animals, Experimental Design, and Diets. One hundred twenty Angus × Simmental steers (average initial BW = 355 ± 7.9 kg) were used at the beef unit of the Animal Sciences Research and Education Center (ASREC) of Purdue University from December 2011 to June 2012. Steers were weighed on 2 consecutive days for initial BW determination, blocked by BW, and allotted within block to 24 pens (6 pens/treatment and 5 steers/ pen) in a randomized complete block design. Pens (6.1 by 3.3 m) were located in a curtain-sided, slatted-floor finishing barn and provided 122 cm of bunk space per animal.
Steers were vaccinated against bovine rhinotracheitis, bovine viral diarrhea, parainfluenza-3, and bovine respiratory syncytial virus (Bovi-Shield GOLD FP 5; Zoetis Animal Health, Florham Park, NJ) and against Haemophilus somnus, Pasteurella, and Clostridia (Vision-7 Somnus; Merck Animal Health, Summit, NJ) and treated with an anthelmintic (Valbazen; Zoetis Animal Health) for internal and external parasites at weaning and on arrival at the ASREC feedlot. Steers were implanted with Revalor-XS (4 mg estradiol and 20 mg trenbolone acetate; provided courtesy of Merck Animal Health) at feedlot entry and assigned to 1 of 4 dietary treatments: 0 (control), 0.8, 1.6, and 2.4% CaO (MicroCal OF100; Mississippi Lime, Inc., St. Louis, MO) inclusion in the diet DM. Limestone was added to the diets to maintain a Ca:P ratio of 1.3:1 or greater and CaO and corn replaced limestone in the diets. Experimental diets were formulated to meet or exceed NRC (1996) requirements for protein, energy, vitamins, and minerals and contained 70.2% DM (Table 1) . All feed ingredients, including CaO, were added separately to the feed wagon and mixed for approximately 5 min, and the total mixed rations were immediately offered to steers. Total mixed rations were fed once daily at 0800 h and steers were allowed ad libitum access to feed and water. Daily feed deliveries were adjusted using the South Dakota State University 4-point bunk scoring system (Pritchard, 1993) to allow for ad libitum feed intake with little or no accumulation of unconsumed feed. Feed delivery was recorded daily for each pen and any feed refusals were weighed, recorded, and discarded daily. To determine diet pH, diets were mixed and allowed to sit for 5 min. After 5 min, diets were mixed with distilled water (20 g in 80 mL) and pH was determined (Model SB70P sympHony pH meter; VWR International, Radnor, PA). Feed samples were collected weekly, oven-dried at 55°C for 3 d, ground using a standard Wiley laboratory mill (1-mm screen; Arthur H. Thomas, Philadelphia, PA), and composited at the end of the experiment for analysis of DM (AOAC, 1990) , CP (micro-Kjeldahl N × 6.25), NDF and ADF using an Ankom200 Fiber Analyzer (ANKOM Technology Corporation, Fairport, NY), ether extract (AOAC, 1990) , and minerals (Ca, P, Mg, K, S; AOAC, 1990) . Growth Performance and Carcass Characteristics. Steers were weighed monthly during the experiment to monitor ADG and on 2 consecutive days at the onset of the experiment and before slaughter to determine initial and final BW, respectively. Body weights were taken before feeding. Average daily gain, DMI, G:F, and dietary NEm and NEg were determined from d 0 to 82 (period 1), d 83 to slaughter (period 2), and d 0 to slaughter (overall). Average daily gain was determined by the difference between final and initial BW divided by the number of days on feed, whereas feed efficiency was determined by dividing ADG by DMI. To estimate NEm and NEg of the diets based on growth performance, energy gain (EG; Mcal/d) was determined according to the NRC (1996) by the equation EG = 0.0557 × mean BW × (SRW/FSBW) 0.75 × ADG 1.097 , in which SRW is the standard reference weight (478 kg when average marbling score = small) and FSBW is shrunk BW at the end of the experiment (641 kg). Maintenance energy expended (EM; Mcal/d) was calculated by the equation EM = 0.077 mean BW 0.75 (NRC, 1996) . Estimated dietary NEm and NEg (Mcal/kg) were calculated according to Zinn and Shen (1998) Animals were slaughtered at a commercial packing facility (Tyson Foods, Joslin, IL) when they achieved a target BW of approximately 641 kg. Hot carcass weight and dressing percentage were determined after slaughter and before chilling. After carcasses were chilled for 24 h, the following measurements were obtained by qualified university personnel: subcutaneous fat thickness (cm) taken between the 12th and 13th ribs, LM area (cm 2 ) obtained by direct grid reading of the LM between the 12th and 13th ribs, and KPH as a percentage of HCW as well as marbling score and USDA quality and yield grades (USDA, 1997). One steer in the 2.4% CaO treatment was removed from the study due to health issues not related to dietary treatment.
Statistical Analysis. Data were analyzed as a randomized complete block design using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC), and pen was considered the experimental unit. The model included the random effects of block and pen and the fixed effects of CaO inclusion and day as well as the CaO × day interaction. Performance was analyzed as repeated measures by comparing 4 covariance structures for each variable (compound symmetric, autoregressive order one, heterogeneous autoregressive order one, and unstructured) and the covariance structure that yielded the smallest Bayesian information criterion was used for the results presented. The least squares means (LSMEANS) statement was used to calculate the adjusted means for dietary CaO concentrations. Linear and quadratic contrasts were performed to determine the dose-dependent effect of CaO inclusion. Linear and quadratic coefficients were generated using the IML procedure of SAS. Differences were considered statistically significant when P ≤ 0.05 and tendencies were discussed when 0.05 < P ≤ 0.10.
Experiment 2
Animals, Experimental Design, and Diets. Angus × Simmental steers (n = 4; average initial BW = 288 ± 3.1 kg) were used at the beef unit of the ASREC (Purdue University) from November 2011 to January 2012. Animals were previously adapted to a 60% dried DGS finishing diet and then allotted to a 4 × 4 Latin square design balanced for carryover effects of previous diet, such that each experimental diet followed a different diet for every period. Dietary treatments were the same as those used in Exp. 1 (Table 1) , and the 14-d experimental periods consisted of 11 d of adaptation to the treatments and 3 d of sampling. Vaccination protocols and implants were also the same as those used in Exp. 1.
Steers were housed individually in 3.0 by 9.1 m outdoor pens during the first 8 d of every adaptation period. Pens were inside a 3-sided barn and consisted of concrete floors covered with woodchips. On d 9, steers were moved into a climate-controlled room with temperatures maintained between 17 and 21°C and continuous lighting. Individual 1.0 by 2.0 m tie stalls were equipped with rubber mats and were designed for total urine and fecal collections. Similarly to Exp. 1, all dietary ingredients, including CaO, were added separately to a paddle mixer and mixed for approximately 5 min, and the total mixed rations were immediately offered to steers. Diets for each individual steer were mixed individually in 6-to 9-kg batches. Total mixed rations were fed once daily at 0800 h and steers were allowed ad libitum access to feed and water. Daily feed deliveries were adjusted using the South Dakota State University 4-point bunk scoring system (Pritchard, 1993) to allow for ad libitum feed intake with little or no accumulation of unconsumed feed. Feed delivery was recorded daily for each pen and any feed refusals were weighed, recorded, and discarded daily. Samples of dietary ingredients were collected in each period for later analyses of DM, CP, NDF, ADF, and minerals as described in Exp. 1. Organic matter was calculated as the difference between DM and ash contents (AOAC, 1990) .
Sampling. Ruminal pH measurements were obtained every 15 min on d 12 and 13 of each experimental period via wireless rumen sensors (Kahne Inc., Auckland, New Zealand) designed to reside in the dorsal sac of the rumen suspended in ruminal contents (Laporte-Uribe et al., 2010) . Boluses were calibrated for pH before inserting in the animal using a balling gun. The pH drift for Kahne rumen boluses has been demonstrated to be less than 0.006 pH units/d (Laporte-Uribe et al., 2010) . Ruminal pH at every full hour was calculated as the average between measurements taken at -30, -15, 0, 15, and 30 min relative to the given hour. Area under the curve for ruminal fluid pH < 7.0 and pH < 6.2 during the 24-h period was calculated by using the trapezoidal method between each set of time points and summing the areas. Ruminal fluid samples were collected via stomach tube attached to a 60-mL syringe at 0, 3, 6, 12, and 18 h postfeeding on d 14 of each experimental period for determination of VFA concentrations. Ruminal fluid was drawn into the syringe, the first 120 mL was discarded to avoid saliva contamination, and rumen samples visibly devoid of saliva were immediately snap-frozen in liquid nitrogen and stored at -20°C until analysis. Volatile fatty acid analysis was performed using a gas chromatograph equipped with a flame ionization detector (model 7890A; Agilent Technologies, Santa Clara, CA) after butylation according to Salanitro and Muirhead (1975) .
Total urine and fecal collections were performed during a 24-h period on d 13. Total urinary output was collected into metal pans built into the floor and located at the middle of the tie stall. The surface of the metal pan was slightly inclined so that urine flowed by gravity to a funnel-like opening, which was connected to a urine collector recipient. Before collection, 100 mL of a 3 N HCl solution was added to the collector recipients to acidify urine and avoid N volatilization. Fecal collections were used to determine digestibility of diet components by the marker ratio technique (Van Keulen and Young, 1977) . Total fecal output was also collected into metal pans built into the floor and situated at the tail end of the tie stall designed to collect all fecal material. Representative subsamples of total feces (5%) and total urine (1%) were stored at -20°C for later analyses. Feces were analyzed for DM, CP, NDF, and ADF as described in Exp. 1 for feed analyses and for OM, which was calculated as the difference between DM and ash contents (AOAC, 1990) . Fecal samples were also analyzed for AIA, and apparent digestibilities of DM, OM, CP, NDF, and ADF were calculated according to Van Keulen and Young (1977) . Urine samples were analyzed for total N (block digestion followed by steam distillation) and ammonia N (steam distillation) by micro-Kjeldahl using a Kjeltec 2300 Analyzer Unit (Foss Tecator AB, Foss North America). Urinary urea nitrogen was analyzed by the diacetyl monoxime method using a commercial kit (Stanbio Urea Nitrogen Kit, procedure 0580; Stanbio Laboratories, Boerne, TX). Additionally, urine samples were collected on d 13 of each experimental period before feeding and urine acidification. Steers were stimulated to urinate by rubbing their perianal region, and approximately 50 mL of midstream urine was collected into 500 mL plastic bags. The samples represented 2 urinations and were used to determine urine pH using a pH meter (VWR sympHony SB70P benchtop pH meter with glass combination pH electrode; VWR International, LLC, Batavia, IL).
Statistical Analysis. Data were analyzed as a 4 × 4 Latin square design using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC), and steer within period was considered the experimental unit. The model included the random effects of steer and period and the fixed effect of CaO inclusion. Repeated measures were used to analyze ruminal pH and VFA concentrations, and for these variables, the model included the random effects of steer and period and the fixed effects of time of collection, CaO inclusion, and the interaction between time of collection and CaO inclusion. Four covariance structures were tested for each variable (compound symmetric, autoregressive order one, heterogeneous autoregressive order one, and unstructured) and the covariance structure that yielded the smallest Bayesian information criterion was used for the results presented. The LSMEANS statement was used to calculate the adjusted means for dietary CaO concentrations. Linear and quadratic coefficients were generated using the IML procedure of SAS and were used to determine the dose-dependent effect of CaO inclusion. Differences were considered statistically significant when P ≤ 0.05 and tendencies were discussed when 0.05 < P ≤ 0.10.
RESULTS

Experiment 1
No differences among treatments were observed for BW on d 0 and 82 and at the end of the experiment (Table 2 ). There was a tendency for a quadratic response (P = 0.07) of CaO inclusion on ADG in period 1, with ADG increasing from 0 to 0.8% CaO, remaining unchanged from 0.8 to 1.6% CaO, and decreasing from 1.6 to 2.4% CaO. Average daily gain in period 2 did not differ among treatments (P ≥ 0.27). There was a quadratic effect (P = 0.03) of dietary CaO concentration on overall ADG, in which the inclusion of the alkalizing agent at 0.8 and 1.6% increased overall ADG by 5.0 and 3.9%, respectively, compared to not adding CaO to the ration. Inclusion of CaO at 2.4% of the diet DM did not increase overall ADG relative to the control diet. Dry matter intake in period 1 did not differ (P > 0.28) among dietary CaO concentrations, but DMI in period 2 decreased linearly (P = 0.01) with the increasing inclusion of CaO. Overall DMI decreased (linear effect; P = 0.04) with the increasing concentrations of CaO in the diet, and values were 2.8, 3.0, and 9.2% lower for treatments containing 0.8, 1.6, and 2.4% CaO in the diet DM, respectively, compared to the control diet.
Gain:feed in period 1 showed a quadratic response (P = 0.01) to the increasing CaO inclusion, with the greatest values observed for 1.6% CaO in the diet (Table 2) . Additionally, there was a tendency for a linear increase (P = 0.08) in G:F in period 2 with increasing dietary inclusion of CaO. Overall G:F was linearly increased (P = 0.02) as dietary CaO concentrations were increased. In period 1, NEm and NEg of the diets showed a quadratic response (P < 0.01) to CaO inclusion, with greater values observed for 1.6% CaO in the diet DM. In period 2, dietary NEm and NEg increased linearly (P < 0.01) with the increasing CaO inclusion, and overall NEm and NEg of the diets were also linearly increased (P < 0.01) as dietary CaO concentrations were increased. There was also a tendency for a quadratic response (P = 0.10) of days on feed to CaO inclusion, with fewer days required for steers fed the 0.8 and 1.6% CaO diets.
Hot carcass weight, fat thickness, LM area, yield grade, marbling score, and quality grade did not differ (P > 0.10) among treatments (Table 3) . There was a quadratic response (P < 0.01) of dressing percentage to CaO inclusion, and values were 1.9, 2.1, and 0.6% greater for animals fed 0.8, 1.6, and 2.4% CaO in the diet DM, respectively, compared to steers receiving the diet without CaO. There was also a quadratic effect of CaO inclusion on percent KPH (P = 0.05), with the least values observed for the 1.6% CaO treatment.
Experiment 2
An interaction (P ≤ 0.01) between time of collection and CaO inclusion occurred for ruminal pH (Fig. 1) . From 3 to 10 h postfeeding, increasing dietary CaO resulted in increased (linear effect; P ≤ 0.05) ruminal pH. In contrast, there was a quadratic response (P ≤ 0.05) of ruminal pH to CaO inclusion from 13 through 17 h and at 20 h postfeeding, with reduced ruminal pH observed for steers receiving 0.8 and 1.6% CaO in the diet DM. Additionally, prefeeding ruminal pH and ruminal pH from 18 through 19 h and from 21 through 23 h postfeeding were linearly decreased (P ≤ 0.05) as CaO concentrations in the diet DM increased.
No differences (P > 0.10) among treatments were observed for ruminal pH at 1, 2, 11, and 12 h postfeeding. There was a quadratic response for areas under the curve at rumen pH < 7.0 (P = 0.03) and at ruminal pH < 6.2 (P = 0.05) to CaO inclusion (Table 4) . In both cases, values increased from 0 to 0.8% CaO and then decreased. The same quadratic response was observed for hours at ruminal pH < 6.2 (P = 0.01), in which the number of hours increased from 0 to 0.8% CaO in the diet and then decreased from 0.8 to 2.4% CaO. No differences between dietary treatments were observed for hours at rumen pH < 7.0. Total VFA (P ≤ 0.05), acetate (P ≤ 0.01), and butyrate (P = 0.01) ruminal concentrations at 0, 3, 6, and 12 h postfeeding were increased (linear effect) as CaO inclusion increased, whereas concentrations at 18 h did not differ (P ≥ 0.13) between dietary treatments (Table 4 ). There was a tendency for a quadratic effect of CaO inclusion on ruminal concentration of propionate at 3 h postfeeding (P = 0.10), in which propionate concentrations were greatest for 1.6% CaO in the diet DM. No differences in ruminal propionate among treatments were observed at other time points (P ≥ 0.27). Acetate to propionate ratio and isobutyrate concentrations were linearly increased (P ≤ 0.05) with the increasing CaO inclusion at all times of collection. Valerate concentrations were not affected (P > 0.10) by dietary treatments at any time of collection.
Dry matter, OM, CP, NDF, and ADF intakes were not affected (P ≥ 0.50) by dietary treatments (Table 5) . Apparent digestibility of NDF tended to increase (P = 0.07) and apparent digestibility of ADF did (P = 0.01) increase linearly with the increasing concentrations of CaO in the diet. Calcium oxide inclusion did not affect DM, OM, or CP digestibility (P ≥ 0.13).
There was a tendency (P = 0.09) for a linear decrease in fecal DM output as CaO inclusion was increased (Table 6 ). There was also a linear decrease in urine volume (P = 0.05) and ammonia N excretion (P = 0.01) as concentrations of CaO in the diet were increased, whereas urine pH increased linearly (P = 0.01) with increasing dietary concentrations of CaO. A quadratic effect was observed (P = 0.04) for urea N excretion, with greater values observed for 0.8% CaO in the diet DM. No effects of CaO inclusion were observed for the other variables of nitrogen balance.
DISCUSSION
Because sulfuric acid is used during the production of ethanol from corn, increasing the inclusion of DGS in beef cattle diets increases the dietary concentration of sulfate ions (SO 4 2-), which can be reduced to sulfides (S 2-) in the rumen (Lewis, 1954) . The rapid decrease in postfeeding ruminal pH observed when cattle are fed high amounts of dried DGS (Felix and Loerch, 2011) represents increased concentrations of hydrogen ions (H + ) available to bind with S 2-, rapidly producing large amounts of H 2 S (Kandylis, 1984) . Because H 2 S concentration in the rumen is negatively correlated to DMI and ADG (Uwituze et al., 2011) , the elevated ruminal concentrations of H 2 S observed when dried DGS inclusion in beef cattle diets is great might be responsible for decreased animal performance. Additionally, the acidic ruminal environment produced by DGS may promote a reduction in growth and activity of cellulolytic and proteolytic bacteria, which reduces ruminal degradation of fiber and protein fractions of feed (Hoover, 1986) . Fiber digestion is negatively affected when ruminal pH is below 6.2 (Grant and Mertens, 1992) , and CerratoSánchez et al. (2007) suggested that the extent to which fiber digestion is decreased is correlated to the duration of suboptimal ruminal pH. Felix and Loerch (2011) Felix et al. (2012a) reported that ruminal pH from cattle fed diets containing 25 or 60% untreated dried DGS and 15% corn silage in the DM stayed below 5.2 for 9 h of the day, and Felix and Loerch (2011) observed ruminal pH values as low as 4.79 for steers receiving 60% dried DGS and 10% corn silage in the diet DM. In the current study, steers receiving 0% CaO in the diet DM had the greatest prefeeding ruminal pH but also exhibited the most rapid postfeeding decline in ruminal pH. The inclusion of 1.6 and 2.4% CaO in the diet appeared to delay a postfeeding decline in ruminal pH, whereas the inclusion of 0.8 and 1.6% CaO in the diet caused ruminal pH to stay low for a longer period of time compared with 0 and 2.4% CaO inclusion. In fact, area under the curve for ruminal pH < 6.2 and amount of time pH was <6.2 was greatest for the 0.8 and 1.6% CaO treatments. The rapid postfeeding decline in ruminal pH for the 0% CaO treatment indicates that rumen acidity was more likely caused by sulfuric acid from dried DGS than by VFA production during ruminal fermentation. However, the linear increase in VFA concentrations from 0 through 12 h postfeeding as CaO inclusion increased may be the reason for the delayed increase in postfeeding ruminal pH when steers were fed 0.8 and 1.6% CaO in the diet DM. When cattle are fed high concentrate diets, NaHCO 3 increased ruminal pH (Stroud et al., 1985; Boerner et al., 1987; Zinn, 1991 , but the pattern of pH change was shown to be similar between cattle fed or not fed NaHCO 3 (Boerner et al., 1987) , whereas others have demonstrated no effect of NaHCO 3 on ruminal pH (Haaland and Tyrell, 1982; Peirce et al., 1983) . In contrast, feeding Ca or Mg hydroxides to lambs fed barley diets appears to delay a drop in ruminal pH (Boukila et al., 1995) , similar to our finding in the present research. A delay in ruminal pH decline in the present study, as well as in other studies where hydroxides were fed, may be due to the fact that CaO and hydroxides are alkalizers rather than true buffers. Alkalizers can cause a large pH increase as well as neutralize acidity, whereas true buffers can only prevent increased acidity and cannot increase pH. Alternatively, changes in the pattern of pH as well as decreased DMI as a result of CaO inclusion in the present study may be due to alterations in eating behavior. Schroeder et al. (2014) reported that treatment of dried DGS with 2.5% CaO (equivalent to 1.2% of the total dietary DM) in diets containing 48.8% dried DGS decreased the percentage of meals consumed from 0 to 3 h postfeeding and decreased meal size compared to dried DGS not treated with CaO. Animals from the 2.4% CaO treatment had a relatively stable ruminal pH throughout the 24-h period, indicating that this concentration of CaO was great enough to buffer ruminal VFA or decrease dietary palatability causing a change in intake and VFA production pattern. It is also possible that CaO acted on the fiber, increasing soluble carbohydrate and potentially fermentable fiber, while it was in the bunk. Addition of CaO did cause an immediate noticeable increase in heat of the diet, although it was not quantified. Supporting this possibility is the fact that Xu et al. (2010) observed that calcium hydroxide addition to switchgrass increased sugar yield after only 24 h of treatment at 21°C. The linear increases in ruminal concentrations of total VFA from 0 through 12 h postfeeding with the increasing CaO inclusion occurred mainly because of increases in acetate and butyrate ruminal concentrations at the same time points. It is known that propionic fermentation is more energetically efficient than acetic and butyric fermentations, which can be explained by differences in production and utilization of H + (Chalupa, 1977) . However, in our experiment, the increases in acetate and butyrate concentrations did not occur at the expense of propionate concentration indicating that the efficiencies of dietary energy utilization were improved with the increasing inclusion of CaO in the diet. Boukila et al. (1995) similarly reported that Ca and Mg hydroxides increased VFA concentration in the rumen and that molar proportions of acetate were increased whereas molar proportions of propionate were unaffected. In contrast, the effect of NaHCO 3 on ruminal VFA when high concentrate diets are fed has been variable, with observations of decreased propionate (Zinn, 1991) , no change in any VFA (Haaland and Tyrell, 1982; Zinn and Borques, 1993) , or an increase in propionate (Boerner et al., 1987) . Acetate and butyrate are the primary end products of fiber fermentation in the rumen (Van Soest, 1994) . Therefore, the linear increases in ADF and NDF apparent digestibility as CaO inclusion increased indicate that acetate and butyrate concentrations were increased because of the enhanced ruminal fiber fermentation that occurred due to CaO inclusion.
As previously mentioned, an acidic rumen environment can reduce the activity of cellulolytic and proteolytic bacteria, thus reducing dietary fiber and protein fermentation in the rumen (Hoover, 1986) . Because fiber and protein fractions in DGS are great, the negative effects on rumen pH promoted by the high inclusion of these byproducts in beef cattle diets can reduce its own digestibility as well as fiber and protein digestibilities of other dietary ingredients. However, in our experiment, the increasing concentrations of CaO in the diets had a stabilizing effect on ruminal pH, thereby enhancing NDF and ADF apparent digestibilities. An effect of ruminal pH on fiber digestibility has been previously demonstrated. Loerch et al. (1983) observed that increasing the inclusion of high moisture corn in the diet of Holstein cows reduced rumen pH, thus decreasing the disappearance of soybean meal (SBM) protein in the rumen. However, inclusion of corn treated with 3% NaOH maintained ruminal pH near neutrality, which resulted in relatively unchanged in situ SBM degradation as corn inclusion increased (Loerch et al., 1983) . Similar to the results of the present study, Felix et al. (2012a) found that treating dried DGS with 2% NaOH and including it at 60% of the diet DM increased ruminal pH and as a result increased degradation of NDF by 14.5% units in comparison with the same inclusion of untreated dried DGS. Stroud et al. (1985) reported an increase in total tract DM, NDF, starch, and N digestion when 1% sodium bicarbonate was added to cracked corn-based diets. Zinn (1991) reported an increase in total tract ADF digestion with the inclusion of sodium bicarbonate in steam-flaked corn and sorghum diets with no effects on any other digestion measure. In contrast, Zinn and Borques (1993) reported no effect of sodium bicarbonate on nutrient digestion.
According to Van Soest (1994) , ammonia is an end product of protein fermentation in the rumen. When more protein is fermented, the excess ammonia is transported through the rumen wall and converted into urea through the ornithine cycle in the liver. The produced urea is added to the urea pool and is either recycled to the rumen or excreted in the urine. Therefore, although fecal, urinary, or total N excretion did not differ among treatments, the quadratic response of urinary urea N to CaO inclusion may indicate greater ruminal protein degradation for steers fed 0.8 and 1.6% CaO. Felix et al. (2012b) observed that linearly increasing dietary dried DGS from 0 to 60% of the diet DM linearly increased urine titratable acidity and urine volume.
Urine pH is one of the most sensitive indicators of deregulations in acid-base homeostasis (Hu et al., 2007; Constable et al., 2009) . Increased metabolic acidity can lead to catabolism of l-glutamine for production of CO 2 and ammonium to buffer blood acidity (Heitmann and Bergman, 1980; Lobley et al., 2001) , resulting in increased urine ammonia concentrations (Harmon, 1996) . Although diets fed in the current study exceeded MP requirements by 73%, the fact that urine pH was increased whereas urinary ammonia and volume were decreased in the present study by feeding increasing amounts of CaO may be indicative of improved acid-base balance and increased protein synthesis in the animal.
The positive effects of CaO inclusion on ruminal fermentation and fiber digestibility were also reflected in positive effects on animal performance found in Exp. 1. In period 1, steers from the 0.8 and 1.6% CaO treatments gained more weight than those receiving 0 and 2.4% CaO. However, even though ADG was similar between dietary treatments in period 2, it is important to notice that the differences observed in period 1 remained throughout the experiment, affecting ADG for the entire feedlot period. On the other hand, the linear decrease in overall DMI as CaO inclusion increased occurred because of the differences in feed consumption observed in period 2. Nevertheless, overall DMI decreased by only 2.7 and 2.9% for 0.8 and 1.6% CaO, respectively, compared to the control, whereas the magnitude of this decrease was greater for the 2.4% CaO treatment, with means 8.4% lower in comparison with the control diet. These results indicate that adding over 1.6% CaO in the diet DM might significantly affect DMI of beef cattle, which may occur because of a reduced palatability promoted by greater CaO inclusion. Furthermore, the greater decrease in DMI for the 2.4% CaO treatment was the main reason why ADG from those steers was similar to that of control animals.
Despite the quadratic response of ADG to CaO inclusion, G:F showed a linear increase as dietary CaO concentrations were increased. However, although G:F was increased by 7.8% for both 0.8 and 1.6% CaO relative to the control, there was only a slight additional increase in feed efficiency when 2.4% CaO was included in the diet, with means 1.0% greater in comparison with 0.8 and 1.6% CaO treatments. Net energy for maintenance and gain of the diets had similar responses to the increasing dietary concentrations of CaO as did G:F, which was expected, because they were estimated based on performance and also can be used to express efficiency of dietary energy utilization. Net energy for maintenance and gain values that were calculated from performance were at or below what was expected based on dietary energy composition for steers not fed CaO, which is an indication that when CaO was not included, steers were not able to utilize all of the potential energy available in the diets. In contrast, when steers were fed CaO, NEm and NEg values that were calculated from performance were equal to or greater than what was expected based on dietary energy composition, indicating that potential barriers to utilization of dietary dried DGS were overcome by CaO addition. Increased NEm and NEg values for steers fed CaO may be related to the fact that NDF and ADF digestibilites were increased and that DM and OM digestibilites were numerically increased. Steers receiving 0.8 and 1.6% CaO spent fewer days on feed in comparison with those fed the 0 and 2.4% CaO, which occurred because steers from the intermediate dietary CaO concentrations had the greater ADG, thus achieving the target BW faster. The shorter time required to raise cattle to a target BW for steers fed 0.8 and 1.6% CaO represents great economic benefits for the production system. In this way, even though feed efficiency increased as CaO inclusion increased, including more than 1.6% CaO in beef cattle diets containing 60% dried DGS in the diet DM would not be economically beneficial.
Optimum cattle performance is a combination of increased growth rates and improved feed efficiency and production of high quality carcasses. In our experiment, animals produced high quality carcasses despite the treatment, with no substantial differences among dietary CaO concentrations. Nevertheless, the greater dressing percentage observed for steers receiving 1.6% CaO might represent additional profits for beef cattle producers, because heavier carcasses are produced at the same live BW, even though the reasons for that response are not clear. The fact that less than 34% of carcasses graded select in the present study is surprising, given that DGS inclusion in feedlot diets at concentrations greater than 29% have decreased marbling scores (Corah and McCully, 2006; Gunn et al., 2009; Schoonmaker et al., 2010) . However, Buckner et al. (2008) reported similarities in carcass characteristics of steers fed increasing dietary contents of corn dried DGS as a substitute for corn, except for a quadratic response of HCW to dried DGS inclusion, which occurred because of a similar effect in final BW. Similarly, Yang et al. (2012) observed that feeding wheat dried DGS as a substitute for barley grain and barley silage had no significant impacts on carcass characteristics of beef steers.
In conclusion, increasing concentrations of CaO added to the diet stabilizes ruminal pH, improves fiber digestibility, and improves metabolic acid-base balance of cattle fed 60% dried DGS. As a result of increased VFA production and potentially decreased amino acid utilization for blood buffering, ADG and dressing percentages are improved for cattle fed 60% dried DGS and increasing amounts of CaO. However, feeding CaO at concentrations above 1.6% of the diet DM may decrease palatability and reduce DMI, resulting in no improvement in ADG.
